This pilot study describes approaches for the estimation of the pulse wave velocity (PWV) of cerebrospinal fluid (CSF) in the upper spinal canal. The movement of CSF was non-invasively measured using phase-contrast magnetic resonance imaging (PCMRI) technique. Two main approaches were used to calculate PWV. The approaches relied on different types of images: sagittal and axial images. For the method using axial images, the PWV was calculated using four different time delays. This preliminary investigation indicated that the most reliable method used axial images and the waveforms' onset times to calculate PWV. CSF's PWV may be of importance in a condition known as Chiari Malformation (CM), a brain disorder in which the cerebral tonsils herniate into the spinal canal. The present study investigated the PWV of CSF in five healthy volunteers compared to that of five symptomatic CM patients.
Introduction
CSF is a clear liquid that moves throughout the craniospinal system, providing essential protective and sustentative qualities. Most notably, CSF cushions the brain and spinal cord (SC) from injury during an impact. Its movement facilitates the transportation of nutrients to and waste products from the surrounding tissues. CSF circulates throughout the subarachnoid space (SAS) of the spinal canal and the ventricles and SAS of the cranium. The CSF moves between the cranium and the spinalcanal in a back and forth oscillatory manner due to the coupling that exists between blood and CSF volumetric inflow and outflows (see Figure 1 ). During systole, arterial blood inflow to the cranium is larger than the venous outflow. Since the cranium is nearly rigid and can only accommodate a small increase in volume, CSF is "pushed" out and flows downward into the more compliant spinal canal.
2 Diastole then follows, where venous outflow from the cranium exceeds arterial inflow thereby providing for the upward flow of CSF from the canal back into the cranium. 3, 4 The pulsatile motion of the CSF can be non-invasively imaged using velocity encoded MR images obtained by the phase-contrast magnetic resonance imaging (PCMRI) technique.
2,5-7
Velocity encoded images provide information regarding the dynamics of CSF flow from which the cranio-spinal system's biomechanical properties can be characterized. The gray scale level of the images encodes the velocities and thus differentiates between stationary tissues and fluid flow. The PCMRI technique displays a series of images with encoded velocity values on each gray scale level picture element. 8 These velocity values are obtained by an application of a magnetic field gradient applied during the MRI scan. The changing magnetic field strength encodes the location and the velocity of the protons within the body. Stationary protons in the body's tissues will not accumulate a phase shift, but moving protons in non-stationary fluids will net a phase shift proportional to its velocity. 8 The velocity can be qualitatively and quantitatively measured from the protons' phase shifts.
In the context of the cranio-spinal system, the gray scale level colors depict the fluid's directionality, white and black for downward and upward CSF flow, respectively. In Figure 2 , the sagittal and axial images display the velocity encoded white and black pixels of CSF during systole and diastole. On a more quantitative level the CSF's velocity, flow and spinal canal's cross-sectional area can be determined from the MR images.
2,7-10 This pilot study aims at developing the methodology for measurement of CSF's pulse wave velocity in the spinal canal as a measure of the local spinal canal biomechanical compliance.
By definition, 11 PWV describes how quickly a pulse (pressure, velocity, flow) travels from one point to an- other in a conduit. Mathematically, it is the distance the pulse travels divided by the time delay (in ms −1 ). It has been previously shown that the PWV of blood flow provides a clinically important measure of the biomechanical compliance of the major blood vessels, which is affected by arteriosclerosis. Therefore MRI methods have been developed to measure the PWV in major blood vessels. The blood's PWV in the carotid femoral artery of healthy adults is approximately ten ms −1 and in a diseased state the PWV can increases to value of almost 15 ms −1 due to the reduction in the vessel's compliance.
12,13
Not much research has been done with regard to the role of the spinal canal in the modulation of the compliance of the cranio-spinal system, which directly affects intracranial pressure. The focus of this work is to develop tools to uncover biomechanical properties of the spinal canal. PWV of the CSF flow in the SC may be an important way to characterize the biomechanical properties of the SC. The goal of the present study is to investigate novel approaches for the estimation of PWV in the upper spinal canal.
Methods
Two approaches for sampling the CSF velocity information in the SC were investigated, the sagittal approach and the axial approach. The sagittal approach samples the CSF velocities along the main axis of the spinal canal and the axial (transverse) approach measures the CSF velocities in the entire cross sectional area at several levels along the main axis of the SC.
14 After completing this manuscript the authors were made aware of a publication by Fielden et al. who reported 15 similar MRI approaches to estimate the PWV in the ascending and descending aorta. They also compared sagittal and axial PCMR approaches and pointed out advantages and limitations of these methods. To the best of the authors' knowledge, no study has focused on comparing different approaches for the estimation of CSF PWV in the upper spinal canal on the same subjects using PCMR.
The sagittal approach uses an in-house software (IDL, interactive data language) which calculates the PWV. This was accomplished by first acquiring sagittal velocity encoded images (systolic and diastolic phases shown in Figure 2a ). The images display the cervical spinal canal (vertebras C2-C7) and when possible the upper thoracic region (vertebras T1-T3). During the systolic phase, successive points along the anterior spinal canal were manually selected to produce CSF dynamic velocity waveforms. The computer program identified pulse arrival time from the maximum slope of the waveform. The IDL program generated a scatter plot: Arrival time (in ms) vs distance (in mm). The PWV (in ms −1 ) was determined from the slope (L/∆t) of the linear regression line. The time delay method of maximum slope was used with the sagittal images due to a high signal-to-noise ratio. Also, the maximum slope was determined to be the most reliable measurement of PWV for the sagittal images. Figure 3 illustrates the connection between the sagittal and axial (transverse) approaches. From the sagittal MR anatomy image, the velocity encoded sagittal image is produced using the PCMRI technique. The scan also produces several velocity encoded axial (transverse) images. Figure 3 displays axial images at the C2 and T2 vertebral levels for healthy volunteer 3 (HV3). The information from the axial images is displayed on the CSF flow waveform graphs at these two levels.
For the axial imaging approach, the most reliable marker for the PWV's time delay needed to be established before it could be compared to the sagittal approach. Four methods to identify time reference points for the calculation of the time delay were investigated. The automated detection of three different time reference points were implemented using a Matlab program: the time of onset (OT), time of maximum flow (MFT), and time of maximum slope (MST) of the CSF flow waveforms. When necessary, specialized Matlab programs were created by the authors. The automated detection of the onset times were compared with a manual determination of the waveform's onset time (MOT).
It is hypothesized that the time delay between the waveforms' onset most accurately matches the definition of PWV. The waveforms' OT was determined by first calculating the total flow range and its corresponding time domain. Starting a few time points prior to the global minimum, the amplitude between points was recorded. The onset time criteria was set to be the first time point in which the successive point was at least 5% of the total flow range. As a safeguard, if there was no point that met the above criteria, then the point with the largest amplitude in the same time range was selected.
The maximum flow time describes peak systolic flow.
The MFT was, as its name implies, the time point with the largest flow value. It was necessary to investigate the time of maximum slope since this parameter was used in the sagittal approach. The MST was the time point which had the largest positive slope between it and the next successive time point. The manual determination of the onset time was visually selected by the lead author as the time point of the waveforms' onset.
The CSF flow waveforms originated from 32 axial velocity encoded images captured during one cardiac cycle.
2,7,9 Representative axial velocity encoded images (Figure 2b) at the C2 level qualitatively show CSF flow at two time points. Like the sagittal images, the velocities of the CSF motion in the axial images are displayed as white for systole and black for diastole. Each CSF flow waveform data set was created by integrating the velocities at each of the 32 time intervals at that vertebral position. 6 The location of the vertebral levels was extracted from the header of the corresponding images.
The flow waveforms plot volumetric flow rate with respect to time, allowing the quantification of several parameters. The waveforms were interpolated (using Matlab's cubic spline interpolation function) to produce 64 time points per cardiac cycle instead of the originally recorded number of 32. Interpolation was necessary to increase the temporal resolution, therefore increasing the accuracy of the PWV results. The PWV of CSF was estimated by the ratio of the distance between vertebral levels and the time delays between the flow waveforms. The calculations and graphs were produced using Matlab. For cases with three or more levels, the time delays were recorded at each level allowing for the calculation of PWV along the entire upper spinal region and in between the recorded levels.
The ten adult subjects (five symptomatic Chiari and five controls) were chosen based on the availability of both sagittal and axial images with a coverage ranging the cervical spinal canal and, when possible, the upper thoracic region.
In this study many MRI parameters are identical since the same MRI scanner (Signa HDx 3T with an 8NV Array coil) was consistently used. For all ten subjects, the scanner imaged a section with a thickness of 3 and 6 mm, for sagittal and axial images, respectively. For optimal viewing, these slices were imaged with a consistent matrix size of 256×256 pixels, and field of view of 14 cm for the axial images and 20 -28 cm for the sagittal images. The CSF flow was encoded with a velocity value of 7 -10 cms −1 . The CSF flow is visualized by the successive viewing of the 32 (axial) and 64 (sagittal) recorded images during a cardiac cycle. There were some parameters that ranged in value due, in part, to the subjects' varying heart rates. The repetition time (10.6 -13.3 ms) was set at the shorted time possible to gain the greatest temporal resolution. 
Results
The sagittal approach determined the average pulse wave velocity of CSF in the cervical and upper thoracic regions of the spinal canal. As shown in Figure 4 , the PWV is determined from the slope of the scatter plot: Arrival time (in ms) vs distance (in mm).
Axial PCMR images during peak systolic and diastolic phases are displayed in Figure 2b . These images provide the data to plot CSF waveforms. As shown in Figure 5 , the CSF flow waveforms plot volumetric flow rate during the time period of one cardiac cycle. For Chiari patient 3 (CP3), the waveforms were measured at several vertebral levels. The onset time, maximum flow time, maximum slope time and manual determination of onset time are indicated by the black diamond, pink circle, blue square and brown star symbols, respectively. Table I displays the times (in ms) of onset (OT), manual determination of onset (MOT), maximum flow (MFT) and maximum slope (MST) at each of the four levels and the relative locations (in mm) these levels are located at, as referenced from a starting point.
When there were three or more vertebral levels for comparison (Table II) , the PWV was determined along the entire upper spinal canal and also within specified segments of the canal.
Table III displays the PWV calculations for the axial and sagittal approaches. The sagittal approach used the maximum slope time to determine the CSF's PWV. Within the axial approach, four methods to determine PWV's time delay were investigated. These were the waveform's onset time, the manual determination of the onset time, the maximum flow time, and the maximum slope time. The PWV values listed in Table III reflect the average PWV across the total coverage region. All images began their coverage at or above the C2 vertebral level. 
Discussion
The main advantage of the sagittal approach is an overall shorter scan time as only one scan is needed. However, the sagittal approach has several limitations. The sagittal approach relies on a CSF velocity waveform which is noisier than the volumetric flow waveform used for the axial approach. In addition, the current sagittal approach derives the PWV from the slope of the scatter plot. However, a linear approximation often does not provide a good fit for the data as can be seen in Figure  6 where the data has a step-like feature. Although this step-like nature hinders the calculation of PWV, this may provide some insight into the local biomechanical properties of the spinal canal.
It is hypothesized that the location of the "step" corresponds to a decrease in CSA in the spinal canal. For example, in Figure 6 the PWV is calculated using the sagittal approach. This data points on this graph exhibit a step-like quality. There is a "jump" at approximately 30mm, which corresponds to the lower C3 vertebral level. The overall decrease in CSA from C2-C3 is 0.344 cm 2 , whereas from C3-T3 is 0.059 cm 2 . When there is a large CSA decrease in a conduit, the fluid accelerates.
One limitation of using mid-sagittal images to calculate CSF's PWV was with its temporal resolution. In some of the CM patients, there was a considerably higher PWV to the point that the temporal resolution of MR study was unable to separate the arrival time along the cervical spinal canal. Improved temporal resolution can be achieved in part by increasing the sampling rate of the data, which is however, associated with increased overall MRI scan time.
An advantage of the axial approach was a good signalto-noise ratio due to the integration of all velocities in the region of interest. Also, the axial image approach was able to establish a global PWV along entire upper spinal canal and also within specified regions of the canal when three or more vertebral levels were investigated. In Table II , the overall PWV in the upper spinal canal (from C2-T3) was 3.14 ms −1 , but was slower from C7-T3, measured at 1.26 ms −1 . It has been previously shown 14 that the upper cervical spinal canal has a lower compliance as compared to the lower cervical and upper thoracic regions. The waveforms recorded at the C7 and T3 levels in Figure 5 are noticeably attenuated compared to those at the C2 and C3 level. This attenuation is thought to result from an increase in the local compliance at the lower cervical and upper thoracic regions.
There were some limitations to using CSF's flow waveforms. One limitation resulted from the small distances that exist between the vertebras. In Table II , the three PWV values calculated from the C2-C3 levels of Chiari patient 3 (CP3) resulted in an infinitely large value. Since only seven millimeters separates these levels, the times of the onset, manual determination of onset and maximum flow were identical. This indicated that the axial images do not have a high enough temporal resolution to capture the rapid speed of the pulse wave in this region.
Conclusion
This preliminary study revealed that the most reliable method for the calculation of cerebrospinal fluid in the upper spinal canal uses axial images and the waveforms' onset times. The PWV varied considerably throughout the spinal canal region for all ten subjects. This indicates that the PWV is not uniformly distributed along the spinal canal. This observation leads to the conclusion that there is not one number that accurately represents CSF's PWV. Instead, an average, or "global" PWV can be established over specified regions of the spinal canal. This conclusion is in contrast to findings by Fielden et al 15 that the sagittal approach provides less variable measurement than the axial approach. This can be attributed to the fact that there is a gradual change in the aorta's cross-sectional area, whereas the spinal canal's can fluctuate within a short distance.
Future Work
Based on the anatomical structure of the spinal canal (a larger separation between the dura, the membrane lining the CSF space of the spinal canal, and the vertebral canal), it is expected that the PWV would be slower toward lower part of the canal. Future work for this study would be to extend the measurement to lower segments of the spine. This step would require modification of the MRI technique and the usage of different coils that cover the lower sections of the spinal canal.
The current study focused primarily on the measurement of CSF movement. Another avenue of investigation would be to include the spinal cord's movement. This may provide additional information on the pathophysiology of the subjects. The movement of the spinal cord may uncover differences that may exist or distinguish between normal controls and symptomatic Chiari patients.
